11 12 Durability is one of the most important properties of an asphalt mixture. A key factor 13 affecting the durability of asphalt pavements is moisture damage. Moisture damage 14 generally results in the loss of strength of the mixture due to two main mechanisms; 15 the loss of adhesion between bitumen and aggregate and the loss of cohesion within 16 the mixture. Conventional test methods for evaluating moisture damage include tests 17 conducted on loose bitumen-coated aggregates and those conducted on compacted 18 asphalt mixtures. The former test methods are simpler and less expensive to conduct 19 but are qualitative/subjective in nature and do not consider cohesive failure while the 20
Introduction

69
The road network is one of the most important elements of a modern transportation 70 system with the majority of roads throughout the world being constructed from 71 asphalt mixtures. Across the United Kingdom, the total budget spent on road principles, are believed to be a key factor responsible for the adhesion between the 136 two materials. The surface free energy (SFE) of a material is defined as the energy needed to create a The contact angle (θ) values are obtained by considering the equilibrium forces acting 211 on the bitumen-coated slide while advancing and receding from the probe liquid using 212 Eq. 3 (Bhasin, 2006) :
Where: t P = perimeter of the bitumen coated plate Where subscripts L and S represents liquid and solid respectively, and θ is the contact 234 angle.
236
The resulting surface energy components for the five binders are presented in Table 1 .
237
The results for the 70/100 pen bitumen exhibited comparatively lower total surface 238 energy (19.1 mJ/m 2 ) compared to the results for the 40/60 pen and 10/20 pen 239 bitumens. However, in general all the results, including the anti-stripping modified 240 binder (AAS1), are very similar. It is difficult to use the contact angle technique on high surface energy materials like 245 aggregates (SFE values generally > 60 mJ/m 2 ) as probe liquids readily spread on high 246 energy surfaces and it is difficult to obtain accurate contact angles. Therefore, for this 247 part of the study a dynamic vapour sorption system (DVS Advantage 2, Surface 248 Measurement Systems, Middlesex, UK) was used to determine sorption isotherms for 249 the various aggregates and probe vapour combinations and the results used to 250 determine the SFE components of the aggregate. The desired partial vapour pressures 251 were varied from 0 to 95% with 5-10% increments (14 steps).
253
Five aggregates commonly used in UK asphalt mixtures were chosen for the study.
254
The aggregates (two 'limestones' and three 'granites') were selected based on their 255 difference in mineralogy and the fact that they exhibit different moisture damage 256 performance (Airey et al., 2007) . The mineralogy of the different aggregates was 257 studied using a Mineral Liberation Analyser (MLA) in order to understand their 258 morphology and to help with the overall analysis of results. The MLA results (in terms of mineral composition) for the five aggregates are 282 presented in Table 2 2). It is believed that the large proportion of the quartz phase has the potential to lead 289 to deleterious moisture properties, due to the poor adhesion between quartz and 290 bitumen. However, there is also evidence that high feldspar content can be responsible 291 for interfacial failure between bitumen and aggregate surfaces (Horgnies et al., 2011) .
293
In general, the limestone aggregates, being basic, are believed to perform better in 294 practice as well as in moisture sensitivity tests, while the granite aggregates have been 295 found to perform poorly in previous moisture sensitivity work (Grenfell et al., 2012) . Prior to surface energy testing, the aggregates were first washed with deionised water 303 and then dried in an oven to constant mass (up to 16 hours). An aggregate fraction 304 passing 5mm and retained on 2.36mm was used. The upper limit on aggregate size is 305 dictated by the material holding capacity of the DVS sample chamber. The cleaned 306 oven-dried aggregate samples (less than 10 g) were again pre-heated in the DVS 307 sample chamber at a temperature of 110°C for up to five hours to completely dry the 308 samples before the sorption test. To perform the sorption test, carefully selected probe vapours (octane, ethyl acetate, 315 and chloroform) with known SFE components were passed through the aggregate 316 sample, under controlled temperature and partial vapour pressure conditions, with the 317 aid of an inert carrier gas (nitrogen). The probes that were chosen for the aggregate 318 testing had relatively low surface tension values as compared to the ones that are used 319 for testing the bitumen to aid the ability to achieve a uniform adsorption/monolayer of 320 the probe on the aggregate surface. Due to the surface characteristics of the aggregate, 12 vapour probes get adsorbed on their surfaces which results in an increase in the mass 322 of the aggregate sample that is then measured using a sensitive balance.
324
During the test, the aggregate material was exposed to different concentrations/vapour 325 pressures of the probe liquids and the increase in mass of the aggregates, because of 326 adsorption of the probe vapours on the aggregate surface, was measured. All the tests 327 were performed at a temperature of 25°C. The change in mass of an aggregate sample 328 was plotted against the increasing partial vapour pressure values to generate sorption 329 isotherms which were used to estimate specific surface area and spreading equilibrium 330 pressures of the aggregates.
332
A typical obtained adsorption isotherm is shown in Figure 3 for Limestone A 333 aggregate with octane probe vapour for partial vapour pressures (concentrations) 334 ranging from 0 to 95%. Similar isotherms were obtained for the other aggregates. From Figure 3 , it can be seen that the plot of adsorbed mass versus partial vapour 341 pressures for Limestone A shows characteristics typical of Type II isotherms (Erbil, to 35% partial vapour pressure) using the Langmuir approach (Eq. 5) where a plot of 344 P/(P0-P)n against P/P0 gives a straight line from which the BET constant (c) and the 345 specific amount of vapour adsorbed on the surface of aggregate (nm), can be obtained.
346
The results were used to estimate the specific surface area of the aggregates using Eq. 347 6 (Shaw, 1991; Sing, 1969) . In addition to estimating the specific surface as previously described, the sorption 367 isotherms were also used to calculate the spreading pressure which is required to 368 determine surface energy components of the aggregates. Adsorption of vapour 369 molecules on the aggregate surface reduces its SFE, so spreading pressure, as a result 370 of adsorption of the vapour molecules, can be expressed as:
Where: e  = spreading pressure at maximum saturated vapour pressure or equilibrium The contact angle value for high energy solids such as aggregates is zero, therefore,
392
Eq. 9 can be re-written as:
By substituting the above relation in Eq. 4, the following equation is obtained:
From Eq. 11, if the spreading pressures from three different probe vapours are 401 measured, then the three surface energy components of the aggregates ( LW
can be determined by solving three simultaneous equations.
For the five aggregates, only fractions passing the 5 mm sieve and retained on the 404 2.36 mm sieve were tested and reported in this paper. The results were used to 405 estimate specific surface area (SSA) and equilibrium pressure from which the surface 406 energy parameters were calculated.
408
Specific surface area obtained for the five aggregates are presented in Table 3 using 409 octane as the probe vapour. Specific surface area for the various aggregates showed 410 large differences depending on aggregate type. The differences can be attributed to the 411 different microstructure of the aggregates. The specific surface area obtained for each 412 aggregate was used in two different ways: 1) to determine the equilibrium spreading 413 pressure and 2) to calculate the moisture compatibility ratios. In general, ( a BWA W ) is found to be a negative value for most aggregate-bitumen 472 systems. This means that the process of water breaking or separating the existing 473 adhesive aggregate-bitumen bond is a thermodynamically favourable process. In other 474 words, no external work is required for this separation process to occur once water 475 reaches the aggregate-bitumen interface. A smaller absolute value of this parameter 476 for a given bitumen-aggregate system is indicative of a better moisture damage 477 performance of that system. In addition to the work of adhesion, the greater the magnitude of work of debonding 492 when water displaces bitumen from the aggregate-bitumen interface (in terms of 493 absolute values of this quantity), the greater will be the thermodynamic potential that Wetting/coating of an aggregate with bitumen is not only affected by the surface 528 properties of the two materials; the viscosity or cohesion of the bitumen itself also 529 plays a very important role. Bitumen with lesser cohesion and greater affinity for the 530 aggregates will have a higher wettability and will coat the aggregate surface more 531 than bitumen having lesser wettability characteristics. However, softer bitumen 532 having lesser cohesion may be more prone to emulsification (decrease in cohesion) in 533 the presence of water. Table 5 . It is worth reiterating that the energy ratios used in this paper and presented in Table 6 566 are based on absolute values. These ratios therefore do not take into account 567 differences in the thermodynamic processes associated with debonding caused by 568 water which means that all four bond energy ratios treat all five aggregates the same. aggregates. This implies that all combinations with this aggregate should have higher 572 energy ratios than those reported in Table 6 in order to reflect the greater resistance to 573 debonding in the presence of water. As this has not been done in the paper, it is 574 important to consider the energy ratio results for Limestone B as conservative values. In general the limestone aggregate-bitumen combinations tend to have higher values 587 compared to the granite aggregate-bitumen combinations although the values for 588 Granite B, especially ER1 and ER2, are very high. The results show that the ranking of 589 the 'good' versus 'poor' moisture damage performing aggregate-bitumen 590 combinations for ER1 and ER2 are quite similar; both parameters placing the same 591 number of combinations in 'good' versus 'poor' categories. The results for the other 592 two parameters, ER3 and ER4, are also similar but the later placed more mixtures in 593 the 'poor' category. The results suggest, for the materials considered, that ER1 and 594 ER2 are sensitive to binder cohesion as the softer 70/100 pen bitumen showed lower 595 ratios irrespective of the aggregate type. In addition, the use of an anti-stripping 596 additive (binder AAS1) has not appeared to affect the bond energy ratios compared to 597 those found for the 40/60 pen base bitumen with the only exception being the values 598 for Granite B which showed a significant increase. The same five aggregates (two limestones and three granites) and two of the binders 611 (40/60 pen and 160/220 pen) were tested using the four aggregate-bitumen stripping tests.
612
In addition, the anti-stripping modified binder AAS1 was also used with the five 613 aggregates but only for two of the aggregate-bitumen stripping tests due to shortages in 614 the supply of the amine-based anti-stripping agent. Based on field experience, the 615 limestone aggregates tend to be more resistant to moisture damage than the granite 616 aggregates. Therefore, it was expected that a discriminating laboratory test should be able 617 to distinguish between the mixtures based on the selected aggregates.
619
In most of the existing test standards for evaluating moisture resistance of loose asphalt 620 mixtures, the most commonly used aggregate sizes range from 6.3 mm to 9.5 mm.
621
Therefore, for each of the five aggregate types selected for testing, only material passing 622 the 9.6 mm sieve size but retained on the 6.3 mm sieve was used. The results in terms of percentage of total visible area of aggregate that remains coated 637 after 16 to 18 hours of soaking are presented in Figure 4 . The results indicated that 100% The results suggest that most of the aggregate/binder combinations showed similar 659 bonding (greater than 95% of coated aggregates) properties after undergoing the static 660 immersion test. The exception was the combinations of Granite C which showed a 10% 661 striped aggregate result with the 160/220 pen bitumen. Granite B showed a 5% stripping 662 value with the 160/220 pen bitumen. These results are in agreement with previous studies 663 (Vuorinen and Hartikainen, 2001; Liu et al., 2014 ) that used similar aggregates. Results
664
for the mixtures containing amine-based anti-stripping agents with retained binder greater the degree of bitumen coverage being measured. For each rolling time (6, 24, 48, and 72 700 hours), the mean value for each repeat was calculated to the nearest 5% and the results 701 averaged to obtain the average degree of bitumen coverage for a given mixture.
703
Mixtures containing the unmodified binders showed higher binder loss than the modified 704 binder containing anti-stripping agent. Binder losses in the mixtures containing the 705 160/220 pen binder were highest for each aggregate type tested ( Figure 5 ). Binder losses 706 in the 40/60 pen mixtures were just slightly less than 160/220 pen binder although both 707 were higher than the mixtures containing anti-striping agent for all of the aggregates 708 considered. The results show that the rolling bottle test is sensitive to changes in aggregate and binder 727 property including binder modification. Compared to the static immersion test, the rolling 728 bottle appears more discriminatory as it was able to show small differences in moisture 729 susceptibility in the good performing limestone aggregates. For example, ranking in this 730 case was (in increasing order of resistance) 160/220 pen, 40/60 pen and amine-based anti-731 stripping agent, which was to be expected.
26
Compared to the static immersion test, the sensitivity of the rolling bottle test was higher. From the curves in Figure 6 , it could be seen that the percentages of bitumen coverage 741 decreased slowly with testing time for limestone, while on the contrary, percentages 742 for granite reduce sharply during the test period. For instance, during the first six 743 hours, Limestone B showed only a 2% binder loss while Granite C showed about 20% 744 loss. In addition, the percentage of binder loss for Granite C at 6 hours is equal to that 745 for the limestone aggregates at 72 hours. Among the granite aggregates, Granite B 746 showed the best bonding properties as illustrated by the 10%, 15%, 30%, 40% of 747 binder loss for 6, 24, 48 and 72 hours, respectively. Although the total loss of binder 748 for Granite A was more than Granite B, these two aggregate had almost the same 749 percentage of binder loss after the first 24 hours. Similar results were obtained for the 750 softer 160/220 pen binder. The results are shown in Figure 7 where aggregates. The percentages of binder loss for limestone were all less than 5% for the two 839 binder types. The results for the granite aggregates showed higher percentages of binder 840 loss. As in the previous stripping tests, Granite C showed the worst performance with 841 20% and 30% binder loss, for 40/60 pen and 160/220 pen, respectively. The standard SATS procedure involves conditioning five pre-saturated specimens 858 simultaneously in a pressure vessel under 0.5 MPa air pressure at a temperature of 859 85ºC for a period of 24 hours. This conditioning is followed by a cooling period of 24 860 hours before the air pressure is released and the vessel opened to remove the 861 specimens for stiffness testing (Grenfell et al., 2012 During the test there is a continuous cycling of moisture within the pressure vessel, 920 which causes condensation on the underside of the top lid and 'dripping' onto the top 921 specimen. There is then a cascading effect where progressively smaller amounts of 922 water 'drip' onto the specimens below, resulting in a decrease in retained saturation 923 level for specimens that are located lower down inside the pressure vessel. In terms of the three granite aggregates, there is a far degree of scatter with Granite A 1068 tending to have the lowest values (low predicted moisture performance) based on 1069 intrinsic adhesion and energy ratios but intermediate actual performance in terms of combinations. Most of the aggregates that were identified as 'poor' aggregates 1106 in this study have also been found to perform poorly in previous studies. In 1107 general Limestone A and B can be defined as 'good' while Granite C can be
